Aluminum deoxidation equilibrium and manganese distribution have been studied at 1 873 K in the equilibrium experiment between CaO-Al 2 O 3 slags and Fe-10, 20, 40 and 60mass%Ni alloys or Fe-10, 20 and 40mass%Cr alloys containing Mn and Al. On the basis of these results, the effect of Ni or Cr on the activity coefficients of Al and Mn based on liquid iron is discussed and the interaction coefficient between Al and O in liquid iron has been estimated. Some experiments in which Fe-18mass%Cr-8mass%Ni alloy containing Al and Mn was equilibrated with CaO-Al 2 O 3 slags have been carried out at 1 873 K. It was found that the observed values for the oxygen content and the Mn distribution ratio in Fe-18mass%Cr-8 mass%Ni alloy are in good agreement with the calculated values by using the activity coefficients of Al and Mn obtained in this study.
Introduction
Iron-nickel alloys are now widely used as electromagnetic and heat resistant materials because of their excellent performance at high temperature, and Fe-Cr alloys are used as corrosion less materials. In Al-killed process during the production of these alloys, the accurate thermodynamic data on aluminum deoxidation equilibrium is indispensable to the compositional control of nonmetallic inclusions. In previous study, the aluminum deoxidation equilibrium in Fe-Ni alloys has been studied by equilibrating Fe-30, 50, 70mass%Ni alloys with CaO-Al 2 O 3 slags at 1 873 K 1) and the effect of chromium on aluminum activity in Fe20mass%Cr alloy has been examined at 1 873 K. 2) In order to investigate the reoxidation reaction of aluminum with MnO in slags thermodynamically, one of the present authors previously measured the activity coefficients of MnO in CaO-Al 2 O 3 , 3) CaO-Al 2 O 3 -SiO 2 , 3) CaOAl 2 O 3 -MgO, 4) and CaO-Al 2 O 3 -SiO 2 -MgO 5) systems at 1 873 K. It follows from these results that the manganese distribution ratios between these alloys and aftermentioned slags can be evaluated, if the thermodynamic data for manganese in Fe-Ni and Fe-Cr alloys are available.
In this study, aluminum deoxidation equilibrium and manganese distribution have been studied by equilibrating liquid Fe-10, 20, 40, 60mass%Ni, Fe-10, 20, 40mass%Cr, or Fe-18mass%Cr-8mass%Ni alloy with CaO-Al 2 O 3 slag at 1 873 K using Al 2 O 3 or CaO crucible. Based on these results, the activity coefficients of aluminum and manganese and the interaction coefficients of aluminum and oxygen in Fe-Ni and Fe-Cr alloys have been determined based on pure iron.
Experimental

Procedure
The master slags were prepared by premelting the mixture of reagent-grade CaCO 3 , Al 2 O 3 , and MnO in a platinum crucible. A vertical-resistance furnace with heating bars of LaCrO 3 was used. The equilibrium with respect to manganese was approached from metal or slag side in the following experiments. High-purity electrolytic iron, nickel and chromium (30 g) starting with approximately 500 to 1000 ppm oxygen and CaO-Al 2 O 3 (-MnOϽ1.0 mass%) slag (7 g ) were melted at 1 873 K under a deoxidized Ar atmosphere and an appropriate amount of Fe-1mass%Al, and/or Fe-20mass%Mn alloys were added by dropping. Thereafter, the melts were stirred over a period of 2 to 4 h by an Al 2 O 3 rod for 90 s at 30-min intervals in an Al 2 O 3 crucible experiment. In a CaO crucible experiment, only two times of stirring by an Al 2 O 3 rod was made for 30 s at 30-min interval in the melting period of 90 min in order to eliminate the influence of an Al 2 O 3 stirring rod on a slagmetal equilibrium. To eliminate oxide inclusion by flotation, melts were unstirred for at least 1 h before quenching. After equilibration, the crucible was pulled out of the furnace, and quenched rapidly in a He gas stream, followed by water quenching.
Chemical Analysis
Detailed descriptions of the chemical analyses for acidsoluble and acid-insoluble Al, 6) Ca, 6) Mn 7) and total oxygen 8) in metal phase and those for Al, 6) Ca, 6) Mn, 7) total Fe 9) and metallic Fe 9) in slag phase are already cited in previous articles. The Al, Ca, and Mn contents in metal and slag are also determined by inductively coupled plasma 10) if the activity coefficients f Al(Fe-X) and f O(Fe-X) are estimated to be unity. The results for Fe-Ni alloys at 1 873 K are plotted against nickel contents in Fig. 1 11) which were obtained in the Al-O equilibrium for Fe-50 to 90mass%Ni alloys by using an Al 2 O 3 crucible, are also included. In the latter experiment the Al content is 0.1 mass%. The apparent equilibrium constant of Eq. (1) based on Fe-36mass%Ni at 1 973 K, which was obtained by Fujiwara et al., 12) are also shown in Fig. 1 . The equilibrium constant for pure Ni obtained by Zhao et al. 13) are also indicated in Fig. 1 . The values from the equilibrium constant of Eq. (1) for pure Fe 14, 15) and pure Ni 14, 16) are also indicated by arrows. As can be seen from Fig. 1 The activities of Al and O in liquid Fe-X alloy (XϭNi or Cr) relative to an infinite dilute solution of 1 mass% standard state can be defined based on pure iron. The equilibrium constant of Eq. (1) for pure liquid iron, K Al 2 O 3 (Fe) , can be written as follows:
where f Al(Fe) and f O(Fe) represent the activity coefficient of aluminum and oxygen in Henry's state, referred to 1 mass%, based on pure iron, respectively. The following equation can be deduced from Eq. (3): values represent the first-order and second order interaction coefficients 14) given in Table 4 , respectively, for pure Fe at 1 873 K.
The term A was found to be negligibly small compared with the sum of the first and second terms on the right hand side of Eq. (4) Table 4 . Interaction parameters based on pure iron at 1873 K used in the present study. The following relation can be derived from Eq. (5) where A has a similar meaning in Eq. (4), and i and j represent the component other than X and O, and that other than X, Al and Ca, respectively. In this study, the effect of X on the activity coefficient of Al, and those of X and Ca 27) on the activity coefficient of O are studied. The term A in Eq. (5) 13) and Ϫ1.06 obtained by Janke et al. 28) for pure Ni. It is said that the interaction coefficient between Al and O in [%Ni]Ͼ20 is close to that in pure Ni.
Relation between Al and O Contents
The relations between oxygen and aluminum contents in Fe-10, 20, 40, 60mass%Ni alloys equilibrated with Al 2 O 3 (a Al 2 O 3 ϭ1) are shown in Fig. 8 , where the lines for different Ni contents were calculated at 1 873 K by the iterative method. In this calculation, the log K Al 2 O 3 (Fe) value, the respective interaction coefficients given in Table 4 and the values for e where a is a constant relating to the conversion from mole fraction of MnO to mass%. Although a is a function of slag composition, it is regarded as approximately constant under the present experimental conditions. g MnO is the activity coefficient of MnO with respect to pure solid standard state, referred to mole fraction. The values for log L Mn are plotted against Al content in Fig. 10 for Fe-10 to 60mass%Ni alloys saturated with AC and CA slags at 1 873 K. The finding that all experimental points for Fe-10 to 60mass% alloys follow the straight lines with a slope of Ϫ2/3, as expected from Eq. (7), indicates that the second term on right hand side of Eq. (7) is constant. The relationships between L Mn and [%Al] for pure liquid Fe saturated with AC and CA slags at 1 873 K are also shown in Fig. 10 , indicating that manganese distribution ratio at a given Al level increases with an increase in nickel content.
The results of log L Mn for Fe-10, 20 and 40mass%Cr alloys are shown in Fig. 11 . It can be seen that all data points for AC and CA slags fall easily on the corresponding lines with a slope of Ϫ2/3, as predicted from Eq. (7). It follows that the L Mn values at a given Al level are independent of the Cr content in the studied concentration range of Cr.
The equilibrium constant of Eq. (6) for pure liquid iron, K Mn-Al(Fe) , can be written by The log f Ni Mn(Fe) value can be obtained from Eq. (9) by using the experimental results given in Table 1 , the respective interaction coefficients given in Table 4 , the a Al 2 O 3 values for AC (ϭ0.33) and CA (ϭ0.0048) slags, the g MnO values for AC (ϭ1.5) 3) and CA (ϭ5.3) 3) , log K Mn-Al(Fe) (ϭϪ9.34; DGϭ337 700Ϫ1.4T J/mol 14, 15, 29) ), and log f Al Ni shown in Fig. 5 . 
Thermodynamics of Oxygen, Aluminum and
Manganese in Fe-Cr-Ni Alloys The results for the experiments in which Fe-18mass% Cr-8mass%Ni alloy containing aluminum and manganese was equilibrated with AC slag at 1 873 K are discussed in the following.
The equilibrium constant of aluminum deoxidation in an Fe-Cr-Ni alloy can be derived from Eq. (3) as follows: The relations between oxygen and aluminum contents in Fe-18mass%Cr-8mass%Ni alloy equilibrated with Al 2 O 3 at 1 873 K are shown in Fig. 14 , where the lines were calculated by the iterative method using the equilibrium constant of Eq. (3) based on pure iron and the interaction coefficients estimated in this work and the previous data given in Table  4 . The results of pure Fe and pure Ni are also shown in the figure. The data points are recalculated by multiplying the oxygen contents 1.45 times in order to convert a Al 2 O 3 ϭ0.33 to 1. The half-filled marks represent the data of [Ca]Ͼ1 ppm. The experimental data points fall on the line of Fe-18mass%Cr-8mass%Ni alloy.
The manganese distribution ratio between CaO-Al 2 O 3 slag and an Fe-18mass%Cr-8mass%Ni alloy can be deduced from the equilibrium constant of Eq. (8) as follows:
The log L Mn values are plotted against the Al content in Fig. 15 for an Fe-18mass%Cr-8mass%Ni alloy obtained by equilibrating with AC and CA slags at 1 873 K. The lines were calculated by the iterative method using the equilibri- These results indicate that the interaction parameters obtained in this study are reasonably well estimated.
Conclusions
Thermodynamics of aluminum deoxidation equilibrium and manganese distribution ratio between slag and metal have been studied for Fe-Ni, Fe-Cr and Fe-Cr-Ni alloys at 1 873 K. The conclusions obtained in this study are summarized as follows:
( Fe-18mass%Cr-8mass%Ni alloy at 1 873 K plotted against aluminum content.
